Percutaneous coronary intervention (PCI) of coronary chronic total occlusions (CTO) still represents a challenge in the field of interventional cardiology. Despite the rate of peri-procedural complications has decreased over the years, it remains higher than in non-CTO PCI. Coronary perforations are among the most common and serious complications. Furthermore CTO recanalization carries a risk of unique and specific complications such as donor vessel injury and equipment loss or entrapment. Other infrequent complications of non-CTO PCI such as contrast induced renal dysfunction and radiation skin injury, assume more relevance in this subset given the length and complexity of these procedures. Operators facing CTO percutaneous treatment should be aware of the potential complications and the available strategies for prevention and management, to achieve procedural success.
INTRODUCTION
Percutaneous coronary intervention (PCI) of coronary chronic total occlusions (CTO) still represents a distinct challenge in the field of interventional cardiology. The rates of successful CTO recanalization is growing, due to numerous advances in terms of newer dedicated devices, improved techniques and extensive operators' experience. Nevertheless coronary CTO treatment continues to be a challenging issue owing to multiple reasons including the fear for peri-procedural complications [1] . Despite the rate of periprocedural complications has decreased over the years, it still remains higher than in non-CTO PCI.
The most common and feared complications occurring during CTO PCI are perforations, donor vessel dissection and/or occlusion, equipment loss or entrapment, vascular access complications, contrast-induced nephropathy, radiation skin injury, periprocedural myocardial infarction, arrhythmias, transient ischemic attack or stroke [see Table 1 ]. There remains considerable variability in reported complications rates in literature due to data coming mainly from single centers experience. Nevertheless, more recently, data have been made available from multicenter registries enrolling 1000 (OPEN-CTO Registry [2] ) and even more (ERCTO Registry [3] ) patients in experienced CTO PCI centers.
Aim of the following chapter is to analyze the common periprocedural complications during CTO PCI, how to prevent them and the main solution techniques.
CORONARY PERFORATION
Coronary perforations (CPs) are one of the most common and serious complications occurring during CTO PCI. They have an estimated incidence of 2.6%-4.8% [2] [3] [4] [5] [6] and are associated with a 5-fold increase in 30-day mortality. Cardiac tamponade occurs in approximately 10% of patients with a coronary perforation and could represent a life-threatening situation.
General approach: when perforation is confirmed, the following measures should be played out.
• Prompt specific perforation treatment (see section below for details).
• Fast echocardiography looking for pericardial effusion and cardiac tamponade indicators (right chambers collapse, respiratory variations of antegrade mitral flow). In this setting pericardial effusion can also be detected by fluoroscopy images, especially in postero-anterior views, as contrast staining in the pericardial space.
• Fluids infusion (saline solution, blood transfusion, colloids) or vasopressors in relation to the hemodynamic conditions. • Pericardiocentisis when necessary. Autotransfusion should be taken into account in patients with persistent bleeding despite concerns have been raised due to the potential to induce hemolysis, coagulation abnormalities or possible infections, especially when large quantities are re-infused. However this procedure was shown to be safe and effective in a recent review including 30 consecutive patients [7] .
• Pain management and eventually sedation.
• In rare cases evaluate mechanical support of circulation (ECMO/Impella/IABP). . Ellis classification recognizes 3 grades of perforation severity (I, II and III): while grade I can occasionally resolve without intervention or just with reversal of anticoagulation, the grade III is usually referred to abrupt and large perforations with acute cardiac tamponade and hemodynamic instability and may cause myocardial infarction and death.
Nevertheless anatomic classification based on vessel location of perforation can be more helpful, orienting in the management approach. It distinguishes three types of CPs: main vessel (MV) perforation, distal target vessel perforation and collateral channel perforation [9] . MV perforation occurs in either antegrade or retrograde approaches. Guidewire perforation during wire escalation or dissection and re-entry techniques are typically self-limited and rarely lead to cardiac tamponade. The risk of pericardial effusion dramatically increase when a device (i.e., microcatheter or Crossboss TM ) or a balloon is advanced along a guidewire located in the pericardial space, outside the architecture of the vessel. The first highly important step is represented by prompt balloon inflation proximally to the area of contrast extravasation. If extravasation persists despite prolonged balloon inflation, then a covered stent should be implanted. Covered stent implantation generally requires a dual catheter technique ("ping-pong") in order to minimize bleeding. While a balloon is maintained inflated through the first guiding catheter, a second catheter is advanced near the coronary ostium and covered stent is positioned proximal to the occluding balloon. Then the occluding balloon is deflated and withdrawn and the covered stent is advanced and deployed. Covered stents advancement can be difficult in tortuous and calcified vessels due to the lack of flexibility of these devices. In the same way operators must take into account that their delivery across not well prepared CTO lesions should be demanding.
Distal target vessel perforation typically represents a complication of antegrade approach, occurring after CTO crossing. It is usually due to advancement of stiff and/or highly hydrophilic wires into small branches. Dual arterial injection could help to prevent this type of complication, showing vessel anatomy beyond the distal cap of the CTO. Also in this case, prompt balloon dilatation proximally to the perforation site is the first treatment step. If bleeding persists , embolization with coils, fat, microsphere/beads or thrombine is required. In our experience coils release through common microcatheter (i.e., FinecrossÔ, Terumo) is the safer and more feasible option. We prefer detachable coils that allow a more accurate placement.
"Balloon-Microcatheter Technique" (BMT) using microcatheters compatible with 6 Fr guiding catheters can be used for treatment of this type of perforation. The BMT consists of simultaneous advancement of a microcatheter over a parallel wire distal to the occluding balloon, in order to continue to operate through the microcatheter itself without deflating the occluding balloon [10] . This technique is able to accurately assess sealing of the perforation before and after the release of microcoils by tip injections from the jailed microcatheter, with no need of repeated deflations of the the proximal occluding balloon.
Collateral vessel perforation is a unique complication that may occur during retrograde CTO PCI. It is usually due to guidewires and/or devices advancement through the collateral or to balloon collateral dilation performed in order to facilitate retrograde devices passage. Progression to cardiac tamponade will depend on the location of the collateral vessel (i.e., septal vs. epicardial). Septal collateral perforation is typically considered a benign event because it commonly results in bleeding into interventricular septum. Septal wall hematomas that derive are usually asymptomatic, but can result in chest discomfort and rarely in heart block depending on its size and location [11, 12] . Even more rarely, a septal wall hematoma can progress to a septal wall rupture [13] or to obstruction of the ventricular cavity with subsequent cardiogenic shock. Unusual cases of right ventricular intramural hematoma following septal perforation are also reported [14] ; they may be self-limiting or may result in hemodynamic compromise miming cardiac tamponade and then requiring emergency surgical evacuation. Septal vessel perforation can also take place into any cardiac chamber, including the coronary sinus: however, in this case, rarely any adverse clinical consequence occurs. In some cases septal perforations can be managed conservatively (especially when they have been caused by a guidewire) but embolization proximal to the perforation site should be considered for persisting extravasation. Anyway operators should keep in mind that in infrequent cases septal perforation may lead to pericardial effusion because these vessels can end in an epicardial course [ Figure 1 ].
Epicardial collaterals perforation carries a high risk of pericardial effusion and rapid cardiac tamponade, due to their natural course. Moreover operators should remember that epicardial vessels receive blood flow from both antegrade and retrograde sources. Also in this case proximal balloon occlusion is the first maneuver to put in place. Then, unlike the cases above, the perforation should be approached both antegrade and retrograde. Usually embolization (i.e., coils) is the preferred treatment, both proximally and distally to the perforation site. In some cases perforation could be solved, on the antegrade side, only through a covered stent deployment in the MV interrupting blood supply to collateral. Obviously this approach presupposes that the CTO has been recanalized and the perforated vessel can be approached from both sides. At the end dual injection from both sides should be performed to confirm that there is no residual bleeding. If bleeding continues despite these measures, cardiac surgery may be required. One last consideration should be made on epicardial perforations occurring in patients with prior coronary artery bypass graft. Typically, bleeding may be focal and contained in spaces due to prior adhesions and surgical scarring, without tamponade. Nevertheless local chamber compression (i.e., atria) with focal tamponade not amenable to pericardiocentesis and requiring surgical intervention, can still occur.
Despite new materials and techniques availability in the prevention and management of CPs, a crucial role is played by the identification of the clinical/angiographic predisposing factors. A recent study of Kinnaird et al. [15] investigates the principals features related to CPs during CTO PCI. Older age, female sex and previous PCI were found as main individual risk factors. Procedural factors associated with an increased risk of perforation were Crossboss/Stingray use, rotational or laser atherectomy, and microcatheter use.
DONOR VESSEL INJURY (DISSECTION AND/OR OCCLUSION)
Abrupt donor vessel injury represent a feared and unique complication occurring during retrograde CTO PCI. Its estimated incidence is 1.1%-1.8% [16] . Leading mechanism of donor vessel injury are dissection (most common), thrombus formation/embolization, spasm or accidental air injection. Main effect of this complication is myocardial ischemia and its extension is related to the size of myocardium supplied. Thus, chest pain, electrocardiographic changes, hypotension and arrhythmias are common clinical features. Clinical and interventional management depends on the leading mechanism.
Dissection: usually retrograde CTO procedures require aggressive guiding catheters to gain the maximum support but at the expense of potential proximal donor vessel dissection. Furthermore specific attention must be paid in withdrawing equipment (wires, microcatheters), maneuver than can cause "deep intubation" and consequent dissection [ Figure 2 ]. We recommend to place a protection guidewire along LAD at the beginning of the procedure, when retrograde approach from left coronary system is needed. If no placed before, intra-luminal guide-wire should be promptly advanced and, if correct position is not certain, a microcatheter should be used (laminar blood back-flow and eventually tip-injection can help to confirm correct position). Also IVUS could be used to avoid intimal injection and confirm correct wire position. Once intra-luminal wire position is confirmed, balloon inflation and stent implantation usually resolve the dissection.
If sub-intimal, the wire should be left in its position and a second guide-wire should be placed distally ("parallel wire"). Whether not possible, a re-entry technique must be considered.
Thrombus formation/embolization: during CTO PCI the activated clotted time (ACT) has to be controlled every 30 min at least, to ensure correct anticoagulation. It must be maintained above 350 s. If ACT is low, correct with heparin infusion. In cases of heparin-resistance bivalirudin should be considered. When thrombosis occurs thrombus aspiration systems could be employed, followed by multiple balloon inflations but this strategy could lead to distal embolization. Gp2b/3a infusion should be also considered.
Spasm: guiding catheters and guidewires could induce an incremented vasoreactivity. In these cases intracoronary injection of vasodilators (es. Nitroglicerine, Adenosine, Nitroprusside) is recommended and usually resolve the spasm.
Accidental air injection: this is a rare eventuality that ideally should never happen. Meticulous bleed back from catheters and flushing after each device exchange should be practiced. Balloon rupture can also introduce air in the coronary arteries, though in small quantities. When occurring, air aspiration is crucial and could be combined to inotropic agents infusion. Is also possible to attempt bubbles breakdown with wires/balloons.
EQUIPMENT LOSS OR ENTRAPMENT
Equipment loss or entrapment during CTO PCI (guidewires, stents and other devices) usually represent a infrequent circumstance. Indeed it is a rarely reported complication so that its real incidence is unknown. The risk for this complication is related to lesion complexity, extent of calcifications, vessel tortuosity and techniques required for recanalization.
Knuckled wires have the potential of getting knotted. For this reason extreme caution should be paid when retrieving them in order to avoid entrapment. Guidewire fracture may also occur but rarely is associated with adverse clinical effects. Similarly microcatheters overtorquing could lead to entrapment.Balloon entrapment in highly calcified lesions and tortuous vessels a balloon could occur. In some cases balloons cannot be deflated for hypotube kinking. In both cases is crucial to remove the device avoiding distal ischemic damage. A controlled traction on the device avoiding the system fracture should be applied as first measure. If traction is not sufficient it would be necessary to advance a "guide extension catheter".
When stent loss occurs, retrieval should be attempted in all cases by distal balloon inflation and withdrawn together with the lost stent into the guide catheter. Not retrievable stent should be crushed against the vessel wall by multiple balloon inflations and stent deployment. Finally, adequate lesion preparation, is crucial to avoid stent loss during delivery attempt.
CONTRAST-INDUCED NEPHROPATHY
CTO PCI can be long-lasting procedures with administration of high volumes of contrast medium. Accurate patient selection should be performed in order to identify those at higher risk of CIN (incidence 3.4%), carefully balancing the benefit-risk ratio of the procedure. Prevention of CIN is the first measure to be considered in all patients undergoing CTO interventions. Many prophylactic measures have been proposed to avoid kidney damage, however hydration with saline solution administration (1 mL/kg for 6 h before and 12 h after the procedure) has been proven to have the best outcomes.
During CTO PCI, repeated contrast injection should be avoided. Retrograde approach usually requires less contrast, likely due to use of "tip-injection". Similarly to non-CTO PCI, IVUS employment can contribute to reduce contrast amount in several ways (IVUS-guided antegrade puncture, vessel diameter and disease extension evaluation).
VASCULAR ACCESS COMPLICATIONS
CTO PCI usually requires dual arterial access and larger sheath diameter, compared to non-CTO PCI. Both conditions increase the probability of vascular access complications with reported rate of 0.5%-1.5% [17] . Compared with femoral access, radial approach is associated with lower adverse cardiac events and major vascular complications rates across the entire spectrum of patients with stable or unstable CAD [18] . Moreover, the development of thin-walled sheaths (e.g., 7 in 6 French Glidesheath Slender TM , Terumo) and sheathless techniques made feasible complex PCIs requiring 7 French catheters also from the radial access. Indeed, even in CTO PCI, a fully transradial approach has been proven to be safe with a high rate of success and low complications incidence [19] . On the other hand, due to technical aspects (e.g., multiple devices housing in the same catheter), 8 French catheters may be needed and in these cases femoral access is the most practical way. Furthermore, depending on anatomical characteristics, when strong back up support is desirable, 45 cm long femoral sheaths could provide it. For all these reasons vascular access choice is left to the operator's discretion.
RADIATION SKIN INJURY
Radiation skin injury is of particular concern in patients undergoing CTO PCI, as long fluoroscopy and cine-angiography exposure may be required to cross and treat the lesion. However radiation injury incidence is low (< 0.01%) [5] , but the data are under-reported in literature. Tricks to minimize radiation exposure are reducing frame rate of fluoroscopy and cine; another ploy is the use of stored fluoroscopy instead of angiography. Newer angiographic devices with low-dose settings could also reduce patient radiation exposure.
CONCLUSION
CTOs represent the most technically challenging lesions that interventional cardiologists face in everyday practice. However, due to newer dedicated devices and improved techniques, the rate of successful CTOs recanalization is increasing whereas the rate of complications is reducing. Nevertheless peri-procedural complications incidence, particularly in retrograde approach, is still higher than in non-CTO PCI. Operators approaching to CTO PCI should also be aware of the unique set of complications associated with CTOs recanalization. Consciousness of the potential specific CTO PCI complications is the first step to prevent and solve them. Then the knowledge of techniques and equipment available for complications management, combined with operators' experience, will contribute to safe percutaneous treatment of CTOs.
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